INTRODUCTION
Systemic lupus erythematosus (SLE) is a severe systemic autoimmune disease characterised by the loss of immunological tolerance against nuclear antigens. The disease course is unpredictable with alternating periods of flares and remissions. The clinical and paraclinical tools to assess disease activity and predict the disease course are often inadequate and identification of new and easily accessible biomarkers is highly needed in SLE.
A sustained production of type I interferons (IFNs), defective clearance of dying cells, formation and deposition of immune complexes (ICs), dysregulation of antigenpresenting T cells and B cells and possibly the presence of an abnormal circulating population of microparticles (MPs) are key components in the development of antinuclear autoimmunity in SLE. 1 2 The ongoing type I IFN production in SLE has been known for decades, and patients with SLE often display an overexpression of IFN-inducible genes in peripheral blood mononuclear cells (PBMCs), the so-called type I IFN gene signature. 3 4 Type I IFNs have been linked to autoantibody profiles, particularly to antibodies against ribonucleoproteins, to specific disease manifestations, such as skin rash, fever, haematological abnormalities, renal and CNS-involvement, complement activation, high disease activity and prediction of flares. 1 3-10 These observations have triggered current clinical drug trials targeting type I IFNs in SLE. 11 Thus IFN-α and indirect measures of type I IFN
KEY MESSAGES
▸ Soluble galectin-3-binding protein is a convenient biomarker of type I interferons. ▸ Soluble galectin-3-binding protein is elevated in patients with SLE and associated with high disease activity, while the clinical and serological associations are uncertain.
activity such as the levels of IFN-α regulated proteins or profiling of the transcripts of IFN-inducible genes are of interest as biomarkers in SLE. Often composite scores of IFN-induced gene transcripts have been employed where the combination ensures the specificity and sensitivity for IFN-α. Assessment of type I IFN-activity at the protein level, however, may be more accessible and convenient and less sensitive to leucocyte levels. Recently, IFNγ-inducible protein 10 (IP-10, CXL10), monocyte chemotactic protein-1 (MCP-1, CCL2), chemokine ligand 19, or sialic acid-binding Ig-like lectin-1 on monocytes (SIGLEC-1) were shown to be less affected by fluctuations in leucocyte levels and more sensitive than IFN-α and IFN-inducible gene scores in assessing high disease activity. On the other hand, the stronger association of these protein markers with disease activity may be partially attributable to other non-IFN-α inflammatory cytokines. 7 8 10 We here focus on galectin-3-binding protein (G3BP, 90K/Mac-2-binding protein) in solution ( plasma/ serum) as a novel IFN-inducible protein biomarker in SLE. Two factors have kindled our interest in G3BP. First, the gene encoding for G3BP is part of the original IFN gene signature in SLE PBMCs. 4 Second, in patients with SLE we have recently discovered a specific upregulation of G3BP along with ICs in circulating cell-derived MPs, putative major sources of extracellular autoantigens in SLE. [12] [13] [14] [15] The MP-G3BP upregulation was most pronounced in patients with active lupus nephritis. The formation and functions of G3BP are not well-defined. G3BP is an extracellular protein, is widely expressed in most tissues and has been detected in serum, breast milk and semen. 16 17 In vitro double-stranded polynucleotides, γ-IFN, thyroid stimulating hormone (TSH), lipopolysaccharide (LPS), and insulin/insulin-like growth factor (IGF)-I trigger G3BP production. 18 19 Circulating G3BP is likely to reflect type I IFN activity but this has not yet to our knowledge been investigated in cohorts of patients with SLE. Other factors may regulate the formation and fate of G3BP and, as expected, plasma G3BP has been found elevated during chronic viral infections, and in various types of solid cancers, Behcet's disease, rheumatoid arthritis and SLE. [20] [21] [22] [23] [24] [25] In the latter study, the patients with SLE were included as disease controls, and clinical associations were not explored. 22 In the present study, we quantify G3BP in solution ( plasma/serum) and explore the potential of G3BP to serve as a biomarker of type I IFN activity, disease activity, and clinical and serological manifestations investigating independent cross-sectional and longitudinal SLE cohorts.
MATERIAL AND METHODS

Patients and controls
Four separate and independent SLE-cohorts were included in the study. Three cohorts were cross-sectional and were named: SLE-IFN-α, SLE-Denmark (DK), and SLE-Sweden (SE). These cohorts also included healthy controls (HCs) as described below. In the fourth longitudinal cohort named SLE-L, consecutive samples with disease activity scores were available. No matching controls were available for the consecutive samples. All patients in the SLE-IFN-α, SLE-DK and SLE-SE fulfilled at least four of the 1997 revised American College of Rheumatology (ACR) criteria for SLE. 26 Patient samples were collected from 1995 through to 2000 in the SLE-L cohort and classified according to the revised 1982 ACR classification criteria for SLE. 27 In the SLE-DK cohort (n=70) 6 male and 64 female patients with SLE were included and had a median age of 39 years (range 21-76 years) and a median disease duration of 10 years (range 0-37 years). The SLE-SE cohort serves as an ethnically comparable validation cohort for plasma G3BP concentrations and clinical correlates. The SLE-SE cohort included 9 male and 59 female patients (n, total=68) with a median age of 53 years (range 20-84 years) and a median disease duration of 13 years (range 0-49 years). The SLE-IFN-α cohort included 26 female patients with a median age of 41 years (range 19-70 years) and high disease activity to explore the correlations between G3BP and type I IFN activity. In the SLE-L cohort, serum and disease activity scores were available from three or four consecutive visits at least 6 months apart in 13 female and 2 male patients with a median age at inclusion of 29 years (range 16-57 years). These visits were conducted from 1995 through to 2000. All patients with SLE were Caucasian except one in the SLE-DK cohort.
Patients that fulfilled the ACR criteria for systemic sclerosis (SSc, n=111) were included as disease controls for the plasma G3BP concentrations. 28 Sixteen men and 95 women were included and the median age was 60 years (range 22-79 years). Seventy-four patients had limited cutaneous SSc and 37 had diffuse cutaneous SSc.
Three independent cohorts of non-medicated, agematched and gender-matched HCs were included and named according to the SLE-cohort nomenclature above, that is, HC-IFN-α, HC-DK and HC-SE. The HC-IFN-α includes 10 female HCs with a median age of 28 years (range 24-48 years). The HC-DK cohort (n=47) consists of 41 women and 6 men with a median age of 45 years (range 24-62 years) and the HC-SE cohort consists of only women (n=50) with a median age of 50 years (range 20-63 years).
The research protocol was approved by the local ethics committees and carried out in accordance with the principles of the Declaration of Helsinki. All human participants provided written informed consent.
Clinical and paraclinical assessment
Clinical characteristics of the patients with SLE in the SLE-DK, SLE-SE and SLE-IFN-α cohorts are summarised in table 1. Disease activity was scored by the SLE Disease Activity Index 2000 (SLEDAI 2K), except for the SLE-L cohort which was scored by the original SLEDAI. 29 30 Cumulative organ damage was assessed using the Systemic Lupus International Collaborating Clinics Damage Index score. 31 Baseline clinical manifestations at time of inclusion and blood collection were recorded according to the definitions of SLEDAI. Patients were categorised as either having or not having active nephritis at inclusion for the correlation analysis based on proteinuria lower/higher than 0.5 g/24 h.
Routine clinical biochemistry parameters were obtained for all patient samples. Antinuclear antibodies were detected by indirect immunofluorescence on HEp-2 cells in the patients with SLE and SSc. Antibodies against double-stranded DNA were determined by ELISA. The SLE-DK samples were also screened for antiextractable nuclear antigen using the Diastat ENA singlewell screen ELISA from Euro-Diagnostica (Malmö, Sweden). In SLE-DK anti-phospholipid antibodies (anti-cardiolipin IgG/IgM and β 2 glycoprotein-I IgG/IgM) and antibodies against histones, C1q, Ro60, Ro52, and La were measured by ELISA. Anti-Scl-70 antibodies were detected with line-immunoassay in the patients with SSc. Complement C3 and C4 were measured with immunonephelometry on an Immage System (Beckman-Coulter, Fullerton, California, USA).
Biological samples
EDTA plasma (SLE-DK and SLE-SE) and serum (SLE-INF-α and SLE-L) were separated according to routine protocols and stored at −80°C.
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Quantification of G3BP using ELISA EDTA plasma or serum samples were thawed, diluted 1:100 in Sample Diluent and analysed in duplicate according to the manufacturer's instructions using the Human 90K/Mac-2BP Platinum ELISA kit (BMS234, Bender MedSystems, Vienna, Austria). Plasma and serum concentrations were expressed in µg/mL plasma. The intra-assay coefficient of variation was estimated to 5.7%. The interassay coefficients of variation were determined in one HC and one SLE sample analysed in duplicate on five plates and were 6.5% and 9.7%, respectively.
Type I IFN activity in serum and PBMCs
In the SLE-IFN-α and HC-IFN-α cohort IFN activity was indirectly measured by a Mx1 driven luciferase reporter gene assay and by IFN-α inducible gene expression scores from PBMCs as presented previously. 33 The Mx1 driven luciferase reporter gene assay was based on the 93D7 cell line derived by stable transfection of the A549 cell line (CLL-185, ATCC) with an IFN-inducible construct, harbouring the Mx1 promotor driving a luciferase reporter gene, which was provided by ARGOS (who obtained it from Dr Guenther Adolf, Boehringer-Ingelheim Gmbh, Austria). Previously, similar Mx1-driven reporter gene assays were shown to be specific, precise and linear in the range 1-16 IFN IU/mL. 34 To increase the specificity and sensitivity for IFN-α activity, a combined expression score of 12 IFN-α inducible genes in PBMCs was determined using microarray technology (GeneChip Human Genome U133 Plus 2.0 Array, Affymetrix, Santa Clara, California). Briefly, for each of these 12 previously defined IFN-inducible genes (IFI44L, OAS1, RSAD2, MX1, IFI27, PLSCR1, IFIT1, IFIT3, OAS2, IFIT2, USP18 and PSTI1, not including the gene for G3BP), a Z-score (standard score) was calculated across the controls or the patients; and then the Z-scores for the 12 genes were averaged to a single score.
Statistical analysis G3BP concentrations were non-normally distributed and are presented throughout the manuscript with median and 5-95th centiles (median, 5-95th centiles). In the consecutive cohort, changes (Δ) in G3BP and SLEDAI values between visits were calculated and subjected to correlation analysis. For statistical comparisons, Mann-Whitney's U test was used to compare two groups separately to evaluate p values. Univariate correlation analyses were performed by calculating Spearman's rank correlation coefficients (r). No adjustments for multiple comparisons were made. p Values less than 0.05 were considered statistically significant. GraphPad Prism V.5 (GraphPad Software, San Diego, California, USA) was used for the statistical calculations and plots.
RESULTS
Correlations between serum G3BP and type I IFN activity
The serum G3BP concentrations correlated significantly with the activity scores from the Mx1-reporter assay and the calculated IFN-α scores (IFN-induced gene expression in PBMCs) (r=0.56, p=0.0005 and r=0.58, p=0.0002, respectively) corroborating the notion that G3BP reflects type I IFN activity ( figure 1A,B) . Also, the serum concentrations of G3BP were significantly increased in the patients with SLE compared with HCs (7.7 µg/mL, 3.6-17.3 vs 5.2 µg/mL, 2.4-7.8; p=0.007, data not shown).
Plasma G3BP in patients with SLE compared with patients with SSc and HCs As shown in figure 2 , the G3BP plasma concentrations were significantly increased in the two independent SLE cohorts (SLE-DK: 5.4 µg/mL, 2.3-15.5, and SLE-SE: 4.5 µg/mL, 2.1-12.0) compared with patients with SSc (3.7 µg/mL, 1.8-8.0) ( p<0.001 in both cases), and with the two HC groups (HC-DK: 2.7 µg/mL, 1.1-6.3, and HC-SE: 3.1 µg/mL, 1.9-8.1) ( p<0.0001 also in both cases). Patients with SSc were intermediate between the HCs and patients with SLE and have significantly increased concentrations compared with both HC cohorts ( p<0.05). Patients with limited (n=74) and diffuse (n=37) cutaneous SSc did not differ in their plasma levels ( p=0.96, data not shown). Comparing median G3BP levels in serum and plasma samples we note generally higher levels in sera while differences between SLE and HCs persist in both types of biological samples.
Longitudinal changes in G3BP serum concentrations
To explore the longitudinal change in IFN activity and association with disease activity, we included 15 patients with three or four longitudinal samples (at least 6 months apart) available and with high disease activity at minimum one visit. G3BP levels and disease activity (SLEDAI) changed markedly over time and appeared to correlate in most of the 15 patients (figure 3) supported by a significant association between changes in G3BP and SLEDAI between each visit (Spearman's r=0.44, p=0.014, data not shown). Correlations between G3BP levels and disease activity, and clinical and serological parameters In the SLE-DK cohort, a significant association was observed between plasma G3BP and the presence of autoantibodies against double-stranded DNA, Ro, La and Sm-antigen, high disease activity (SLEDAI), erythrocyte sedimentation rate, and haematological abnormalities (low haemoglobin and neutrophil concentrations), but not with having active nephritis at inclusion (table 2). In the smaller and highly active SLE-IFN-α cohort, we observed a significant correlation with anti-dsDNA levels, SLEDAI and active nephritis, but not with haematological abnormalities and autoantibodies against ribonucleoproteins had not been tested. None of these associations could be confirmed in the SLE-SE cohort.
DISCUSSION
In the present study we hypothesised that G3BP, an IFN-inducible protein in PBMCs with increased expression in circulating MPs in SLE plasma, may serve as a novel IFN-induced protein biomarker in SLE. We demonstrate that the level of circulating G3BP reflects type I IFNs and, as expected, plasma concentrations are significantly increased in two large, independent SLE cohorts compared with disease cohorts and HCs. In two SLE cohorts the levels were associated with the presence of antinuclear antibodies, specific disease manifestations and high disease activity in line with previous reports of type I IFNs in SLE. In a cross-sectional cohort we observed that G3BP fluctuated markedly over time and also correlated with disease activity measures. However, these associations could not be confirmed in the cross-sectional validation cohort. Thus G3BP provides a new and very convenient tool to assess type I IFN activity, while its role as a single diagnostic or disease activity biomarker needs further investigation.
We demonstrated that G3BP levels correlated well with two validated indirect measures of type I IFN activity. 4 34 Accordingly, G3BP reflects type I IFN activity and seems able to identify IFN-high individuals with the same accuracy as the gene reporter assay. In the case of gene expression scores from PBMCs we find an almost complete discrimination of all patients with SLE from HCs. This suggests that gene expression scores are more sensitive and more specific markers of type I IFN activation, but the analysis is also more labour intensive, expensive and requires PBMCs in contrast to the G3BP analysis. Sampling is uncomplicated and like other IFN-induced proteins G3BP may be less affected by fluctuations in leucocyte levels, and could prove a sensitive measure of disease activity and predictors of flares like IP-10 or SIGLEC-1. 7 10 However, the strong association with disease activity measures of G3BP as well as the other cytokines/chemokines may reflect regulation from other inflammatory cytokines such as tumour necrosis factor and IFN-γ. G3BP may provide additional information to the chemokines and SIGLEC-1, and combinations of these measures could improve their sensitivity and specificity in the future.
Using two large independent SLE cohorts we demonstrated significantly elevated levels of G3BP in plasma compared with HCs and a large cohort of patients with SSc. G3BP has been detected in most body fluids and is expressed in most tissues. 16 17 Higher levels of G3BP in serum from patients with SLE and HCs compared with plasma measurements suggested that plasma and serum are not directly comparable. Increased levels of G3BP have previously been demonstrated in SLE and rheumatoid arthritis (RA) included as control groups in a study of patients with Bechet's disease. 22 Others did not find increased serum concentrations of G3BP in patients with RA compared with HCs and patients with osteoarthritis, however, high levels were found in the synovial fluid as well as a high expression in the synovial lining. 23 Increased activation of the type I IFN system is a common denominator in rheumatic autoimmune diseases and is most pronounced in SLE and polymyositis/ dermatomyositis and less in SSc and RA. 35 This is in line with our findings of G3BP levels in patients with SSc being intermediate to SLE and HCs. The significant associations in the DK cohort of G3BP with autoantibody profiles, high disease activity (SLEDAI), low haemoglobin and neutrophils, and high erythrocyte sedimentation rate are in line with the majority of the studies regarding type I IFN activity. 4-7 36-38 In particular, type I IFNs are strongly linked to subgroups of patients with specific serological profiles and specific autoantibodies against ribonucleoproteins, rather than to specific disease manifestations or high disease activity. 5 This may also hold true for G3BP. In the SLE-IFN-α cohort, the presence of anti-dsDNA antibodies was highly significantly associated with the G3BP levels, while, unfortunately, anti-Ro, anti-La or anti-Sm had not been determined in this cohort. Only a weak association with SLEDAI was found in the SLE-IFN-α cohort which is characterised by higher disease activity than the other cohorts. Over time in the consecutive samples G3BP and SLEDAI also seemed to correlate. It was surprising that we could not confirm the SLEDAI association in the SLE-SE cohort, since the number of patients, their characteristics and their G3BP levels overall were very similar to the DK-cohort. However, the DK-cohort had higher SLEDAI scores, an increased proportion were anti-dsDNA positive and had low complement levels, and fewer received antimalarials. The discrepancies in the clinical correlates may thus be explained by a low number of active patients in the SE-cohort, but may also reflect the effects of antimalarials on IC-driven disease activity and IFN response during flares. Besides disease activity, type I IFN activation, medical treatment and timing of sampling during flares, and other so far unknown factors that control the formation and fate of G3BP, are likely to affect its levels. The previous G3BP study that included patients with SLE as controls did not explore clinical or serological correlates. 22 Thus additional studies of G3BP as a biomarker of disease activity and specific disease manifestations are needed to resolve these issues.
Fluctuation of type I IFN activation over time and the factors that influence this including the association with disease activity is still elusive. 6 8 39 Bengtsson et al observed that type I IFN activation changed with disease activity, while this was not the case in the studies by Landolt-Marticorena et al 39 and Petri et al. Landolt-Marticorena et al observed fluctuations in type I IFN activation at sample intervals from 3 months up to more than a year, and Petri et al found that type I IFN activation were stable from patient to patient at shorter sampling intervals (less than 3 months). This could reflect that type I IFNs are more linked to the autoantibody profiles that tend to remain more stable over time than to overall disease activity. 5 In our longitudinal study we observed distinct changes in G3BP that were associated with global disease activity measures. Unfortunately, we did not have access to other factors such as medication as well as specific components of the SLEDAI scores or serological profiles to explore the association between these and G3BP over time in this cohort of patients.
In conclusion, G3BP levels in the circulation are increased in patients with SLE possibly as a reflection Figure 3 Longitudinal changes in serum G3BP concentrations and SLEDAI in 15 patients with SLE. Each plot represents one patient. Temporal change in G3BP was observed for all 15 patients weakly associated with SLEDAI. G3BP, galectin-3-binding protein; SLE, systemic lupus erythematosus; SLEDAI, systemic lupus erythematosus disease activity index.
of increased type I IFN activity. G3BP provides a convenient indirect measure of type I IFNs. Although promising, the clinical and disease activity correlates with G3BP were discrepant, and further studies are needed to clarify the role of G3BP as a biomarker in SLE. 
